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utualistic symbioses are intimate relationships between two or more taxonomically distinct organisms, in which each member benefits from the association and the holobiont (sum of the parts) has greater functional and ecological scope than each of the individual components. Such characteristics have proved irresistible to biologists who have attempted to unravel the tangled interdependence of the host and symbiont, with the goal of understanding their biological success. There are numerous examples of these associations, and they are studied to a lesser or greater extent on the basis of their contextual niche. For example, investigations of the symbioses between leguminous plants and bacteria (Hirsch et al. 2001 ) and between corals and dinoflagellate algae (Muller-Parker and D'Elia 1997) are driven by their economic and ecological importance. In contrast, the squid-bacterial symbiosis has no such context, but it has been thoroughly investigated because it provides a tractable model system with which to study the complex interactions between symbiotic partners (McFall-Ngai 2000) . Some symbioses, such as that between clown fish and anemones, are explored solely because they are conspicuous, beautiful, and intriguing. In all cases, however, mutualistic symbioses have provided worthy challenges to the intellectual and technical skills of researchers.
Many of the problems associated with the study of mutualistic symbioses stem from the close interdependence of the members, which makes it difficult to separate them for controlled studies and virtually impossible to observe one partner without affecting the other in the intact association.
Nonetheless, a brief review of the literature reveals that understanding of some of these relationships has progressed rapidly, whereas the details of others remain obscure.
Coral-dinoflagellate associations represent one such relationship in which the pace of research has been slow and researchers' grasp of the basic symbiotic biology is poor-a scenario that is surprising, given the ecological and economic significance of this particular symbiosis. In this article we examine the field of coral reef biology to identify factors that have potentially culminated in delayed understanding of these important associations. First, for context, we provide a brief history of research in coral symbioses. Second, we contrast what is known about the recognition and initiation of symbiosis in coral-dinoflagellate, legume-Rhizobium, and squid (Euprymna scolopes)-Vibrio fischeri symbioses (hereafter coral, legume, and squid symbioses) to illustrate the disparity in researchers' mechanistic understanding of key processes among mutualistic symbioses. Third, we examine fundamental characteristics of these symbioses to identify traits that might be constraining understanding of the coral associations. Last, we discuss the phenomenon known as "coral bleaching" and how technological advances that target the algal partner Forum have influenced research directions and understanding of the intimate relationships between corals and their symbiotic dinoflagellates.
The beautiful colors and complex shapes that characterize corals misled 18th-century biologists into thinking these organisms were plants. The Swedish botanist Carl Linnaeus, who was among the first to recognize corals' combined plant and animal characteristics, placed tropical corals within the novel taxon Zoophyta. A century later, Charles Darwin defined them as animals in his 1842 essay "On the Structure and Distribution of Coral Reefs," a result of his epic voyage on the HMS Beagle. Ironically, with the development of microscopes and their application to invertebrates, Linnaeus was proven partly correct, in that all reef-building corals contain single-celled dinoflagellates within their animal tissues and thus, in a sense, are part plant.
Twentieth-century biologists quickly appreciated that the symbiotic dinoflagellates were most likely responsible for the success of reef corals; between the 1920s and 1950s, they were conducting experiments to determine the role of these symbionts in the autotrophic nutrition and nutrient recycling of the coral host (Yonge et al. 1932 , Kawaguti 1953 . Aside from the geologists and geographers who dominated studies of the "coral reef problem" in the early portion of the 20th century, the biology of reef corals was the domain of scientists trained in invertebrate zoology, and their training favored an animaloriented approach. Thus, when Sir Charles M. Yonge delivered his lecture on living corals to the Royal Society of London in 1967, he was concerned almost exclusively with the animal and remarked little on the biology of the symbionts (Yonge 1968) . Other eminent biologists-Thomas Goreau, Peter Spencer-Davies, Leonard Muscatine, and Robert Trench, for example-subsequently became experts in aspects of coral processes that are strongly affected by the symbiotic dinoflagellates, such as calcification and nutrient recycling, but these physiologies were generally interpreted solely within the framework of animal biology.
In the late 20th century, investigative science turned rather abruptly to the dinoflagellate symbionts, and studies of the coral host became less common. This shift was driven primarily by the development of techniques to which the dinoflagellate partner was more tractable and the application of technologies targeting characteristics that were specific to the dinoflagellates, such as photosynthesis. For example, in the early 1990s, Rowan and Powers, using molecular techniques to identify multiple symbiont clades in coral hosts, unveiled an entirely new level of complexity in these symbioses (Rowan and Powers 1991) . Later in the decade, nondestructive fluorometric techniques were applied to corals for the first time, which allowed for real-time analyses of photosynthetic processes in symbiotic dinoflagellates within coral tissues (Warner et al. 1996) . Although these data, and those that preceded them in targeting the animal partner, have provided considerable insight into the biology of the individuals involved in the symbiosis, scientists still know little about the complex regulatory exchanges and dialogue that maintain these intimate partnerships.
A number of basic biological questions, common to all mutualistic symbioses, address these regulatory exchanges. These include host-symbiont recognition processes, the initiation and establishment of symbiosis, the regulation of the relationship, and the detailed analysis of the biological advantages that the relationship lends each partner. Considerable headway has been made in answering these questions in the legume and squid symbioses (Hirsch and McFall-Ngai 2000 , McFall-Ngai 2000 , Hirsch et al. 2001 ), yet many of these same questions remain unanswered for corals. To illustrate this point, we briefly examine what is known about host-symbiont recognition and the establishment of symbiosis in each of these three relationships.
In the laboratory, larval corals (Fungia scutaria) that obtain their symbionts from the environment exhibit recognition and specificity mechanisms (Weis et al. 2001) , but the details of these mechanisms are unknown. Once recognized, the symbiotic dinoflagellates are ingested through a feeding response, enter the gastric cavity, and are observed inside endodermal cells within an hour of feeding (Schwarz et al. 1999) . Again, the selective processes that allow endodermal cells to be infected, and by which dinoflagellates avoid being digested or expelled, are not clearly understood.
The scenario is much more clearly defined in the legume system, in which the legume seeds and roots secrete flavonoids and related molecules to attract host-appropriate rhizobia to their vicinity. These attractants induce rhizobial nod genes to produce Nod factor, the primary morphogenetic signal that induces the legume to curl its root hairs. Within these root hairs, an infection thread develops that encloses the bacteria. Cell-to-cell contact between the deformed root hair and the bacterium is essential for infection thread development and is most likely mediated by the binding of plant lectin to specific exopolysaccharides coating compatible Rhizobium. Similar detail is available for the squid symbiosis, which is initiated within hours of the squid hatching, through the uptake of bacteria during the normal ventilatory cycle of the mantle cavity. During this process, V. fischeri are harvested from the water by host mucus and the superficial ciliated field that surrounds the nascent light organ. Receptor-ligand interactions between the surface of the host and symbiont, probably employing mannose-recognizing adhesins, are thought to be critical to selecting the relatively rare V. fischeri cells in the ocean environment. Further selection for the "correct" bacterial strain occurs within the light organ through 24-hour expulsion cycles, each of which results in the loss of approximately 95 percent of the bacteria. The initiation of the symbiosis results in morphological changes in both the host and the symbiont. The light organ of the host further develops by losing its superficial ciliated field and modifying the epithelium that lines the crypt. Notably, there is an increase in microvillar density that appears to be influenced by the luxA gene of the bacterial symbionts. The bacteria also undergo changes as the light organ develops; most strikingly, they acquire the ability to luminesce, in part because of the accumulation of acyl-homoserine lactone, which functions as a pheromone.
In an attempt to identify facets of the coral association that have contributed to a delay in the understanding of this relationship, we contrast seven features that are fundamental to coral, legume, and squid symbioses (table 1). Coral symbioses are the intertwined sum of two phylogenetically distant eukaryotic genomes: cnidarians and dinoflagellates. These associations are obligate for the host coral, a scenario that is driven by the mutual exchange of nutrients (i.e., carbon and nitrogen) and enhanced calcification, both of which are the foundation of the functional integrity of the association. A diversity of dinoflagellate "types" can be found in a single host (Rowan et al. 1997) , but all are found within host cells predominantly located in the endoderm tissues of the coral. Depending on the host species, the symbionts are either inherited from the parent or acquired from the environment; during the lifetime of the host, symbiotic populations undergo large fluctuations in abundance (Fitt et al. 2000) and, possibly, in taxonomic composition (Toller et al. 2001) .
In contrast, the legume and squid symbioses combine eukaryotic and prokaryotic genomes and initiate the symbiosis anew for each generation by selecting the symbionts from the environment. There is lower diversity in these symbioses than in corals (Euprymna, for example, harbors a single species of Vibrio). Unlike corals, the symbionts of both associations are housed within morphologically specialized structures formed as a result of complex interactions between the host and the symbionts. In legumes, the rhizobia are located within cells of root nodules and are never exchanged with soil rhizobia. When the nodule senesces, undifferentiated rhizobia are released into the soil. In squid, the bacteria are located extracellularly within a light organ and are culled every day at dawn. Both of these specialized symbiont-filled structures confer highly beneficial traits on the host: nitrogen fixation for the legume and bioluminescent antipredatory behavior for the squid.
These comparisons highlight three specific characteristics that have most likely influenced the pace of research in these systems. First, coral symbioses have a level of functional and phylogenetic complexity that is not present in either the legume or squid symbioses, a complexity that by definition makes the system less tractable to experimentation. Second, whereas the eukaryotic-prokaryotic combination in legume and squid symbioses has attracted microbiologists who utilize a full battery of molecular tools to explore symbiosisrelated phenomena, the coral eukaryotic-eukaryotic combination has historically attracted physiologists and ecologists. The organismic and ecosystems focus of researchers in these disciplines and the concomitant delay in the application of cell and molecular techniques have limited the scope of experimental work conducted on this system. Third, the distribution of reef-building corals is limited to tropical locations, where few laboratories are currently capable of supporting cell and molecular biological investigations.
Compounding these issues is the unique characteristic of coral symbioses to break down in the face of environmental disturbance, a phenomenon known as coral bleaching (Hoegh-Guldberg 1999). The coral bleaching response, which manifests as a paling of coral color, results from a reduction in symbiotic dinoflagellate density or chlorophyll concentrations or both. This change in the integrity of the symbiosis reduces coral fitness and often precedes coral death. Geographically widespread, coral bleaching is driven primarily by anomalies in seawater temperature and increased ultraviolet radiation, two features associated with global warming (Hoegh-Guldberg 1999). Given the increasing frequency and severity of major bleaching events in the latter half of the 20th century, it is not surprising that a desire to understand this phenomenon has dominated coral reef research for the past 20 years. As a result, coral reef resources have been mobilized in the area of coral bleaching, where they have been largely directed at mapping and monitoring to detect and quantify future episodes; inadvertently, research emphasis has not been placed on basic biological Forum studies that would have been aimed at resolving the regulatory details of these important, but vulnerable, symbioses. Coral bleaching has been observed since the earliest days of coral biology, but the geographic extent and severity of the episodes of 1983, 1987, and 1998 surprised biologists and resource managers alike. In the late 1980s and early 1990s, researchers were exploring the exact cellular mechanisms by which corals lose their symbionts and quantifying the densities of symbionts and the concentrations of carbohydrates, lipids, and proteins in affected corals. However, although a consensus emerged that widescale bleaching events were related functionally to elevated temperatures and high irradiance (Hoegh-Guldberg 1999), the critical question of how these conditions mediate damage in these symbioses remained unanswered. In part, this question was, and continues to be, difficult to address because affected corals display such variability in the extent of bleaching between adjacent conspecific colonies and even within a single colony (i.e., colonies are often mottled). A potential explanation for the variable patterns of bleaching is that corals host multiple "types" of symbiotic dinoflagellates that differ in their physiological tolerances for the conditions that cause coral bleaching. Indeed, genetic analyses reveal that some corals harbor a diversity of symbiotic dinoflagellates, and for at least one Caribbean coral, the spatial distribution of the three types of dinoflagellates that it harbors is sufficient to explain the bleaching patterns at the colony level (Rowan et al. 1997 ). This mechanism does not explain all within-colony patterns of bleaching, which can be striking even in the absence of different dinoflagellate genotypes (Brown et al. 2000) .
A logical line of investigation that stemmed from this finding was an exploration of the physiological limits of the different types of dinoflagellates found in symbiosis with corals. Experimentally, this could be achieved by separating the dinoflagellates from the host. However, once dinoflagellates are removed from the host environment, their physiology changes markedly ) and they are difficult to culture. Thus, an instrument that uses chlorophyll fluorescence to nondestructively assess the photophysiology of algal symbionts within the animal tissue has been welcomed by the coral reef community and has provided a hitherto unobtainable perspective into the functional biology of symbiotic dinoflagellates within coral tissues. Researchers have used one such device, the pulse amplitude modulation (PAM) fluorometer, to gather data in support of a parsimonious explanation for the proximal effects of elevated temperature on dinoflagellate photophysiology during a bleaching event (Jones et al. 1998 , Warner et al. 1999 ). These researchers propose that high temperatures cause damage in the Calvin cycle or the D1 reaction center protein of photosystem II (a protein central to the function of photosystem II), which results in the accumulation of damaging high-energy electrons within the dinoflagellate chloroplasts. The production of these high-energy electrons is accentuated by high-light conditions, which, among other things, generate superoxide radicals that further damage cellular membranes and exacerbate the disruption of the coral symbiosis (Lesser 1997) .
Collectively, these data have been used as the rationale for labeling the dinoflagellates the environmentally sensitive partner in these symbioses. They also presumably support claims of substantial progress in understanding how the proximal effects of thermal stress culminate in the loss of dinoflagellates from symbiotic corals, which results in bleaching. Although both of these statements may ultimately be true, at present the experimental data support neither. The biology of the host has not been examined on a temporal scale comparable to that obtained for the dinoflagellate using fluorometry, and thus it is impossible to evaluate the relative sensitivity of the two partners. More problematic is the fact that no data directly link shifts in the photosynthetic capabilities in the dinoflagellates to changes in the overall integrity of the symbiosis; thus, the role of such photosynthetic disturbances in coral bleaching remains unclear.
The importance of understanding the photosynthetic machinery of symbiotic dinoflagellates should not be understated, as this characteristic undoubtedly underlies the success of these associations. However, the data, as they pertain to coral bleaching, are now being used as the contextual basis for ever-more-detailed studies of the algal photosynthetic machinery, which tell us little about the chain of events that alter symbiotic integrity and are ultimately manifest as coral bleaching.
Fluorometry is a temporally fine-scaled technique that directly measures the performance of the symbiotic dinoflagellates at the molecular level (Warner et al. 1996 ). Although we do not yet have an equivalent tool to examine the coral animal host, there is no reason to expect that the biochemistry and physiology of the corals will be any less responsive to environmental signals than are the dinoflagellates (Gates and Edmunds 1999) . In actuality, a battery of correlative evidence points toward the animal's early involvement in coral bleaching. The bleaching response is defined by a reduction in the numbers of symbionts in coral tissues, and this loss reflects changes in the host's biochemistry and properties of the animal's cytoskeleton and cell adhesion pathways that are separate from, but not necessarily independent of, perturbations of dinoflagellate photophysiology. Multiple mechanisms play a role in this loss of symbionts, including host-cell detachment (Gates et al. 1992) , expulsion through the hostcell membrane (exocytosis) (Huang et al. 1998) , programmed cell death (apoptosis), necrosis (Dunn et al. 2002) , and digestion (Brown et al. 1995) . The triggers for these processes most likely manifest in both symbiotic partners-perhaps simultaneously-and reflect the consequence of a series of cascading reactions involving up-regulation of shock proteins, oxidative stress, changes in symbiotic communication, osmotic shifts, and elevated respiration associated with the energetic demands of emergency repair.
Ultimately, the ability to understand coral bleaching is closely linked to the rate of progress in understanding the dynamic impacts of environmental disturbances in both part-ners and a willingness to fully exploit an arsenal of techniques encompassing molecular and organismic biology. Interpretation of the results in the context of coral bleaching will rely on an ability to identify the biological responses that fall outside the normal regulatory processes and functional thresholds of the symbioses. Unfortunately, current understanding of these processes in corals is limited, particularly at the cell and molecular level, and such interpretations are outside our capabilities. Ironically, these gaps in knowledge are most likely a consequence of the high-profile nature of coral bleaching itself, which has driven the heavy partitioning of resources and effort aimed at resolving the details of this response and the minimal investiture in the basic biology of these associations. Regardless of the causes, researchers clearly have some distance to cover before coral symbioses can be understood at the same level as has been attained for other mutualistic relationships. However, a number of new technologies, when combined with existing techniques, have the scope and resolution to fill these gaps in knowledge rapidly. Among them are whole genome and microarray analyses, proteomics, spatial characterizations of genes and gene products, and the use of vital and dynamic stains, confocal microscopy, and microelectrodes. These techniques, used in the context of tightly formulated hypotheses that emphasize regulatory exchanges and symbiotic dialogue, have the potential to revolutionize understanding of the complexities of this important mutualistic symbiosis and to provide the biological framework for interpreting studies aimed at resolving the mechanisms by which corals bleach.
